Background Osteonecrosis (ON) of the femoral head is one of the main complications associated with treatment of developmental dysplasia of the hips (DDH). The reported rates of ON vary widely between 6% and 48%, suggesting varying factors in these studies influence the rate. Several studies suggest open reduction combined with femoral shortening provides protection against ON. However, it is unclear whether confounders such as failed Pavlik harness treatment, preliminary traction, closed versus open reduction, and redislocation influence the rate of ON. Questions/purpose We therefore asked whether open reduction with concomitant osteotomies without femoral shortening, redislocation, and secondary surgical procedures for residual acetabular dysplasia influenced the rate of ON. Methods We retrospectively reviewed 64 children (78 hips) hospitalized with developmental dislocation of the hip between January 1998 and February 2007. Patients younger than 12 months were treated with closed or open reduction. Open reduction combined with concomitant pelvic and femoral osteotomies was performed in patients past walking age. ON was diagnosed from radiographs obtained at last followup. We used logistic regression analysis to identify predictors for the development of ON. The minimum followup was 3.2 years (mean, 6.8 years; range, 3.2À11.5 years). Results The overall rate of ON was 40%. Patients who underwent open reduction combined with concomitant osteotomies, experienced redislocation, or required secondary reconstructive procedures after initial reduction were at higher risk for having ON develop. Conclusions We advocate early reduction of the dislocated hip in the first year of life to avoid the need for concomitant osteotomies combined with open reduction. Level of Evidence Level III, therapeutic study. See Guidelines for Authors for a complete description of levels of evidence.
Introduction
ON of the proximal femoral epiphysis is one of the main complications associated with the treatment of developmental dislocated hips. The overall rates of ON reported in studies have been inconsistent, ranging from 6% to 48% after treatment of the dislocated hip [1, 6, 7, 20, 29, 30] . The complication can lead to acetabular dysplasia and joint incongruity, resulting in early osteoarthritis [4, 5, 8-10, 16, 21] . However, it is widely accepted that early reduction of the developmental dislocated hip and maintained concentric reduction can lead to a satisfactory long-term outcome [17, 20, 23] .
The widely varying rates reported in the literature suggest differences in diagnostic criteria, patient demographics, or treatments in the studies influence the rates. For example, the use of extreme positions of immobilization with the hips in 90°abduction (frog-leg position) is reportedly a major risk factor for having ON develop [10, 15, 28, 34] . Preliminary traction and femoral shortening facilitate reduction and decrease the incidence of ON [3, 6, 18, 20, 29, 30] . One study suggested the appearance of the ossific nucleus of the femoral head provided protection against ON after reduction [30] . Other reports have documented conflicting data on the importance of the ossific nucleus [20, 25] .
A delay in reduction decreases the possibility of spontaneous resolution of dysplastic features because maximal osseous remodeling of the hip occurs during the first year of life [14] . In older children, a pelvic or femoral osteotomy may be necessary in addition to open reduction to address the problem of acetabular dysplasia. Debate continues regarding whether concomitant osteotomies should be performed in children after walking age [19, 26, 27] . Some authors believe pelvic osteotomy may be unnecessary in children who are 5 years or younger [19] . Although Lindstrom et al. [19] suggested there was considerable potential for acetabular remodeling up to age 8, Salter [26, 27] believed the potential for acetabular remodeling rapidly declines after age 18 months and therefore recommended a pelvic osteotomy at the time of open reduction to directly correct residual dysplasia.
Owing to the controversies in risk factors. we therefore asked whether (1) open reduction without preliminary traction or femoral shortening performed in children after walking age, (2) redislocation requiring subsequent open reduction, and (3) numerous other factors (gender, Pavlik harness treatment, age at reduction, appearance of the ossific nucleus at the time of reduction, hip position in the spica cast after reduction, type of reduction [closed, open, or open with concomitant osteotomies], and secondary reconstructive procedures), predicted ON after adjusting for potential confounders.
Patients and Methods
We retrospectively reviewed 233 pediatric patients with 290 abnormal hips who had been treated at our institution between January 1998 and February 2007 with closed or open reduction for developmental dislocation of the hip. We excluded 149 patients with 188 abnormal hips who had teratologic hip dislocation resulting from associated syndromes or other musculoskeletal abnormalities, those who had concomitant neuromuscular diseases, and those who had undergone previous operative reduction at another medical institution. Seventeen patients (21 hips) with less than 3 years of followup and one patient (one hip) who had septic arthritis develop after the reduction were excluded. Eight patients were lost to followup because of emigration of their families, but because six already had shown signs of ON, we included these six in the analysis and excluded the other two. After these exclusions, 64 children (78 hips) remained ( Fig. 1 ). The minimum followup was 3.2 years (mean, 6.8 years, range, 3.2À11.5 years). Patients were recalled specifically for this study, and all data were obtained from clinical examinations, medical records, and radiographs. Prior institutional review board approval was obtained.
We identified three groups based on patient age and treatment: Group A consisted of patients who underwent closed reduction and were treated before 12 months of age; Group B consisted of patients who underwent open reduction and were treated before 12 months of age; Group C consisted of patients older than 12 months at the time of reduction who previously had not been treated. Patients in Groups A and B had all been treated previously with a Pavlik harness. All except two children in Group B had been hospitalized for preliminary traction before undergoing reduction. The severity of dislocation, as noted on the sonograms, was graded according to the Graf classification [12] . Arthrography of the dislocated hip was performed after traction in both groups with the patients under general anesthesia. In Group A patients, closed reduction was performed if the femoral head was well covered by the labrum, as shown on the arthrogram, and felt stable in the primary acetabulum ( Fig. 2 ). If the hip was unstable after initial closed reduction, or if obstructions to reduction such as an infolded labrum or a constricted capsule were visible on the arthrogram ( Fig. 3 ), open reduction using an anterolateral approach was performed during the same session. These patients were assigned to Group B. Patients in Group C all underwent open reduction through an anterolateral approach performed simultaneously with either a Pemberton [24] ( Fig. 4 ) or varus derotation osteotomy of the proximal part of the femur (Fig. 5 ). The femoral osteotomies were performed either alone or with a combined procedure. At presentation, the severity of the dislocation was graded on radiographs according to the classification presented by Tönnis [32] . At the time of open reduction, pelvic osteotomy was performed to directly correct residual dysplasia in two scenarios. The first was if the acetabular index was greater than 2 standard deviations from the normal mean (greater than 30°) in children 2 years and older. The second was if the center-edge angle of Wiberg was 2 standard deviations or more greater than normal (less than 20°) in children older than 5 years [31, 32] .
Thirty-six patients (46 hips) in Group A and 13 patients (15 hips) in Group B were available for statistical analysis ( Table 1 ). The mean patient age at the time of closed reduction was 4 months (range, 1.2À10.4 months), and was 3.6 months (range, 0.7À7.9 months) at the time of open reduction. Adductor tenotomies were not routinely performed before reduction. Group C consisted of 15 patients (17 hips) ( Table 1 ). The mean patient age at the time of reduction was 3.8 years (range, 1.4À14.8 years).
Three hips (18%) were treated by open reduction and Pemberton osteotomy and one hip (6%) by open reduction and varus derotation osteotomy only. Twelve hips (71%)
were managed with open reduction, Pemberton osteotomy, and concomitant varus derotation osteotomy. Femoral shortening was performed in only one case (6%). In two hips (12%), an additional adductor tenotomy was performed before open reduction.
Patients in Groups A and B were compared regarding age at the time of reduction, gender, Pavlik harness treatment, duration of preliminary traction, severity of dislocation, appearance of the ossific nucleus at the time of reduction, spica cast immobilization after reduction, and duration of followup (Table 2) . At baseline, Groups A and B were similar. Except for gender ratio, demographic findings differed between patients of Group C treated past walking age and patients of Groups A and B.
Reductions of dislocated hips were performed at the earliest possible time after patients first presented at our After closed or open reduction, a spica cast was applied in the human position as described by Salter et al. [28] (100°to 110°flexion, 40°to 60°abduction, and no rotation) or in a modified human position with the hips in 100°t o 110°flexion and greater than 60°abduction for the patients in Groups A and B. Casts were retained for 12 weeks. After removal of the spica cast, a full-time abduction orthosis maintained the hip at 60°total abduction until acetabular development was normalized, as revealed by radiographs, or until the children started to crawl or sit. For Group C patients, a one and one-half hip spica cast was applied postoperatively for 6 weeks with the hip in 20°fl exion, 30°abduction, and 10°internal rotation. During that time, weightbearing was not permitted.
The same radiographic protocol was used for all patients. The radiographs were reviewed independently by two observers (RP and JW). The severity of dislocation as shown on radiographs was classified according to Tönnis [32] and as shown on ultrasound images, according to Graf [12] . Presence of nucleus was determined preoperatively on radiographs and on sonograms of patients younger than 12 months at the time of reduction. The development of ON of the femoral head after reduction, as observed on the final followup radiograph, was classified according to the method presented by Bucholz and Odgen [5] . All grades of ON (Grades I through IV) were considered in the analysis. The intraobserver and interobserver intraclass correlation coefficients were 0.87 (95% confidence interval, 0.77À0.93) and 0.80 (95% confidence interval, 0.61À0.91), respectively.
Normally distributed data are presented as means with 95% confidence intervals. The differences between the groups regarding gender, Pavlik harness treatment, preoperative severity of dislocation, appearance of the ossific nucleus at the time of reduction, spica cast immobilization, incidences of ON, rates of redislocation, and secondary reconstructive procedures resulting from residual acetabular dysplasia were tested with Fisher's exact test for nonparametric data. Continuous numeric variables in the two groups were compared with two-sided unpaired Student's t-test. Treatment effect of redislocation was reported as the relative risk. Multivariate logistic regression was used to develop models predicting ON. Gender, Pavlik harness treatment, age at reduction, appearance of the ossific nucleus at the time of reduction, hip position in the spica cast after reduction, type of reduction (closed, open, or open with concomitant osteotomies), and secondary reconstructive procedures were entered as risk factors. Post hoc analyses for all outcomes were conducted. Statistical analysis was conducted with the use of the SPSS software (Version 17.0; SPSS Inc, Chicago, IL, USA).
Results
Open reduction without preliminary traction or femoral shortening performed in children after walking age was associated with a greater (p \ 0.001) incidence of ON of the femoral head compared with patients with early reductions (Groups A and B) ( Table 3 ). The overall rate of ON for the cohort (all patients with developmental dislocation of the hips treated between 1998 and 2007) was 40%.
Compared with patients for whom the initial reduction was maintained, the patients with redislocation had a 67% increased probability of having ON develop (relative risk, 0.33; 95% confidence interval, 0.24À0.46). All hips for which initial reduction failed were treated with an open procedure and subsequent maintenance of reduction. The overall redislocation rate for our series was 12% (nine hips). We found no difference in the rate of redislocation among the groups (Table 3) .
We observed no association between ON and gender (p = 0.69), failed Pavlik harness treatment before reduction (p = 0.08), or the presence of the ossific nucleus at reduction (p = 0.14) ( Table 4 ). When controlling for age, preliminary traction, hip position in the spica cast after reduction, type of reduction, and secondary reconstructive procedures, only type of reduction (odds ratio, 11.04; 95% confidence interval, 2.24À54.41; p = 0.003) and secondary reconstructive procedures (odds ratio, 13.97; 95% confidence interval, 2.31À84.58; p = 0.004) were associated with increased rates of ON (Table 5) . Compared with open reduction with concomitant osteotomies, closed reduction reduced the possibility of ON developing by 99% (odds ratio, 0.01; 95% confidence interval, 0.01À0.01). Open reduction alone led to a decrease of 89% (odds ratio, 0.12; 95% confidence interval, 0.02À0.66). Patients with persisting residual acetabular dysplasia after initial reduction who were treated with pelvic or femoral osteotomies were 14 times more likely to have ON develop than were patients without reconstructive interventions.
Discussion
One of the main complications associated with treatment of developmental dislocated hips is the development of ON of the femoral head [4, 5, 8-10, 16, 21] . Although children undergoing open reduction may have greater risk of ON [1, 6, 7, 20, 30] , the importance of the various risk factors is unclear. We therefore asked whether open reduction without femoral shortening performed in children after walking age was associated with a greater incidence of ON of the femoral head, whether redislocation requiring subsequent open reduction increased the risk of ON, and whether any of a number of factors predicted ON after adjusting for potential confounders.
Our study has several limitations. First, as with all retrospective studies, there was a risk of selection bias. However, we included all patients hospitalized at our institution for developmental dislocation of the hip and all were documented in our surgery records program and could be identified for a designated time. Second, we had a relatively small number of patients in the various groups. Post hoc power analysis determined that our sample size was sufficient to achieve a power of 88% to enable detection of a difference of 30% in the incidence of ON. Third, the three groups were heterogeneous regarding the variables previous treatment and type of reduction; the ages of the patients at reduction differed. We addressed this with logistic regression analysis for key variables, although we did not include all potential confounding variables. Fourth, we had a small number of redislocated hips, such that redislocation could not be included as a factor in the logistic regression analysis. Fifth, assessing ON in patients treated after walking age is problematic: 35% (six hips) in Group C had a smaller ossific nucleus on the dislocated hip compared with the unaffected side before reduction. Nearly half the affected hips had an ossific nucleus continuing to grow but remaining dysplastic. It therefore is reasonable to assume that clinically asymptomatic and active patients with mild radiographic changes should not be considered to have ON. However, future studies to follow the children to skeletal maturity and to determine the clinical relevance and whether such changes should be defined as ON are important.
The overall rate of Grade I ON or worse was 40% in our study compared with reported incidences of 6% to 48% in some studies [1, 6, 7, 20, 30] (Table 6 ). The use of various classification systems to diagnose or grade ON could have contributed to the variation in the incidences among the studies. Our rates of ON are similar to those in several studies in which a cohort design was used [1, 7] . Segal et al. [30] conducted a case-control study and reported a similar rate of 32%. In the current study, the incidence of ON in patients treated after walking age was 88%. Several authors evaluated results comparable to our findings, with an increase in the rate of ON in dislocated hips treated with open reduction and combined pelvic osteotomy [22, 33] . Carney et al. [6] found an incidence of 48% in older children treated after walking. They concluded that adductor tenotomy reduced the rate of ON. Gulman et al. [13] reported a rate of Grades II through IV ON of 35% in 52 hips after anterior open reduction combined with innominate osteotomy. Most of the patients in the current study who were diagnosed after walking age were treated with open reduction and concomitant osteotomies without femoral shortening. The high rate of ON in this age group may indicate that open reduction combined with pelvic osteotomy should not be performed simultaneously without femoral shortening, as was previously reported [3, 11, 18, 29] . Nine patients (12%) required secondary reduction, which was performed by an open procedure in each case. All except one hip initially had been reduced closed. In each case, the individual surgery report suggested forced reduction considering that obstacles to successful closed reduction, such as the presence of a constricted capsule, were described. All of the hips showed signs of ON at latest followup. Thus, in retrospect, immediate open reduction would have been the appropriate choice. It remains unclear whether this finding is related mostly to the second reduction, which was an open procedure, or to the primary suboptimal closed reduction. Nevertheless, redislocation has been reported with different incidences but with comparable rates of 0% to 20% for the anterior approach [17, 20, 23] .
Our observations suggest open reduction with concomitant osteotomies without femoral shortening and secondary reconstructive procedures for acetabular dysplasia predict the development of ON. Patient age at the time of reduction, preliminary traction, history of failed Pavlik harness treatment, and hip immobilization after reduction do not seem to influence the incidence of ON.
The need for open reduction with concomitant osteotomies increased the risk of ON by a factor of 11, and patients who underwent secondary reconstructive procedures were 14 times more likely to have ON develop than were patients who did not undergo additional surgery. Although increasing age at reduction was not a risk factor for ON in the final model, it is acknowledged that older patients are more likely to require open reduction with concomitant osteotomies. It seems that early diagnosis with immediate adequate treatment, and thus a greater chance of achieving closed reduction, influences outcome regarding ON.
Our observations suggest shortening of the femur when performing open reduction with concomitant pelvic and/or femoral osteotomies in children after walking age might have reduced the rate of ON. Our results also confirm redislocation resulting from a suboptimal initial primary procedure and the need to consider secondary reconstructive procedures for residual acetabular dysplasia when assessing ON risk. To minimize the risk of the development of ON, we advocate early reduction of the dislocated hip during the first year of life to avoid the need for concomitant osteotomies.
